M onosodium urate (MSU)
4 crystals are among the most proinflammatory stimuli, and an innate immune response to the crystal surface is intimately involved in the pathology of gouty arthritis (1) . Furthermore, MSU crystals were recently identified as endogenous danger signals released from injured cells that stimulate dendritic cell maturation (2) . The formation of MSU crystals into the joint cavity promotes an acute inflammation that includes a nearly exclusive recruitment of neutrophils (3) . An essential role of neutrophils in acute gout is supported by observations that the injection of MSU crystals into the joints of animal models reproduces the symptoms of gout, and these responses are markedly diminished when neutrophils are depleted (4) . Furthermore, therapeutic agents that inhibit neutrophil functions are dramatically effective in acute gout (5) .
MSU crystals induce a number of responses in neutrophils, prominent among which is the activation of the NADPH oxidase (6) and the synthesis or secretion of mediators and proteins with proinflammatory potential such as leukotrienes (7), IL-1␤ (8), myeloid-related proteins (9) , crystal-induced chemotactic factor (10) as well as a recently described neutrophil-stimulating activity (11) . MSU crystals also alter the pattern of chemokines produced by neutrophils so that the secretion of the neutrophil chemoattractant IL-8 is favored over that of monocyte chemoattractants (12) .
Protein kinase C (PKC) represents a diverse family of serine/ threonine kinases that play central signaling roles in multiple cellular responses. Originally described as calcium-activated and phospholipid-dependent kinases, they were soon identified as the targets of the tumor-promoting phorbol esters (13) . This family comprises at least 10 members, divided into three subgroups on the basis of molecular structure and biochemical properties: classical PKC isoforms (␣, ␤I, ␤II, ␥), novel PKC isoforms (␦, , , ), and atypical PKC isoforms (, /). Previous studies have shown that human neutrophils express three conventional PKC isoforms (␣, ␤I, ␤II) (14) , as well as PKC␦ (15) and PKC (16) . PKC has been linked, inter alia, to the initiation or regulation of multiple neutrophil responses to soluble agonists such as chemotactic factors including degranulation (17) , the activation of the oxidative burst (18) , phospholipase D (19) , and phospholipase A 2 (20) , the antiapoptotic responses to TNF-␣ (21), the redistribution of actin (22) , or to the down-regulation of L-selectin (23) . Despite the central role of PKC in signal transduction, very little is known about their involvement in the responses of human neutrophils to MSU crystals. We have previously shown that the addition of MSU crystals stimulated a mobilization of calcium (a cofactor for classical PKC isoforms) in human neutrophils (7) . Furthermore, a correlation between the activation of neutrophils by MSU crystals and a translocation of PKC␣ to a cytoskeleton-and membrane-containing subcellular fraction has been reported (24) .
In the present study, we show that MSU crystals activate classical PKC isoforms and that this activation is necessary for the MSU crystal-induced degranulation and for the generation of a chemotactic activity in the supernatants of MSU crystal-stimulated neutrophils. Evidence was also obtained that the tyrosine kinase Syk is a substrate of PKC and that the PKC-mediated serine phosphorylation of Syk is necessary to its interaction with the regulatory subunit of PI3K (p85) and thus to the subsequent activation of PI3Ks. In addition, colchicine, an effective drug for the treatment of gout, inhibited the MSU crystal-induced activation of conventional PKC isoforms thus reinforcing the link between the kinase activity of PKC and the proinflammatory effect of MSU crystals.
Materials and Methods

Abs and chemicals
The anti-phosphotyrosine mAb 4G10 (catalog no. ) and the anti-PI3K p85 (06-195) were purchased from Upstate Biotechnology Associates. The anti-Syk Ab (MAB88906) was purchased from Chemicon International. Abs against phospho-PKC␣/␤II (Thr 638/641 , product no. 9375), phospho-AKT (Thr 308 , 9275) and phosphoserine PKC substrate (2261) were purchased from Cell Signaling Technology. The anti-flotillin-1 Ab (material no. 610821) was from BD Biosciences. The peroxidase-conjugated sheep anti-mouse IgG (product code NXA931) and donkey antirabbit IgG (catalog no. 711-035-152) were obtained from GE Healthcare, Santa Cruz Biotechnology, and Jackson ImmunoResearch Laboratories, respectively.
Dextran T-500 and Ficoll-Paque were purchased from Wisent. Piceatannol was purchased from Biomol. Gö6976 (catalog no. 365250), PP2 (catalog no. 529573, 4-amino-5-(4-chlorophenyl)-7-(t-butyl) pyrazolo(3,4-D-pyrimidine)), and PP3 (529574, 4-amino-7-phenylpyrazol(3,4-D-pyrimidine)) were purchased from Calbiochem. Protein A-Sepharose beads (product code 71-5280-04) were purchased from Amersham Biosciences. CHAPS, aprotinin, and leupeptin were obtained from Roche Diagnostics. Diisopropylfluorophospate (DFP) pure was from Serva Electrophoresis. pNPP (4-nitrophenyl phosphate disodium salt hexahydrate) and PMSF were purchased from Sigma-Aldrich.
Triclinical MSU monohydrate crystals were synthesized and characterized as previously described (6) and endotoxin contamination was ruled out by Limulus amebocyte lysate assay.
PLB-985 cells
The myeloid cell line PLB-985 was grown in RPMI 1640 containing 10% FBS at 37°C in a 5% CO 2 humidified atmosphere. To induce differentiation to a neutrophil-like phenotype (25) , PLB-985 cells were cultured in medium supplemented with 0.3 mM dibutyryl cAMP for 3 days before each experiment.
Transfection of PLB-985 cells
The 24 h following differentiation, PLB-985 cells were transfected using the Nucleofector II system from Amaxa Biosystems. After centrifugation, 2 ϫ 10 6 cells were resuspended in 100 l of nucleofection buffer (25 mM HEPES, 120 mM KCl, 2 mM MgCl 2 , 10 mM K 2 HPO 4 , 5 mM L-cysteine) containing 1 g of siRNA and transfections were performed with the program U-002. The PKC␣ (catalog no. AM51331) and control (catalog no. AM4611) siRNAs were from Ambion Applied Biosystems. After nucleofection, the cells were transferred into RPMI 1640 containing 0.3 mM dibutyryl cAMP, 10 mM HEPES, 1 mM sodium pyruvate. At 48 h after nucleofection, the cells were harvested and resuspended at 40 ϫ 10 6 cells/ml in Mg 2ϩ -free HBSS containing 1.6 mM CaCl 2 .
Neutrophil purification
Venous blood was collected from healthy adult volunteers in isocitrate, anticoagulant solution. Neutrophils were separated as previously described (26) . Briefly, whole blood was centrifuged at 180 ϫ g for 10 min, and the resulting platelet-rich plasma was discarded. Leukocytes were obtained following sedimentation in 2% Dextran T-500. Mononuclear cells were removed by centrifugation on Ficoll-Paque cushions, and contaminating erythrocytes in the neutrophil pellets were removed by a 22-s hypotonic lysis. Neutrophils represent over 95% of the cells obtained (with eosinophils as major contaminant) and their viability (as estimated by trypan blue exclusion) was higher than 95%. Neutrophils were resuspended at 40 ϫ 10 6 cells/ml in HBSS 1X (pH 7.4), containing 1.6 mM Ca 2ϩ but no Mg 2ϩ .
Isolation of plasma membranes
Plasma membranes were isolated as previously described (27, 28) . Briefly, neutrophils (40 ϫ 10 6 cells/ml) were incubated with 1 mM DFP for 30 min at room temperature, washed, and kept for 5 min at 37°C before stimulation with 3 mg/ml MSU crystals. The stimulations were stopped by sonication on ice for 22 s at power level 1 in a Branson Sonifier 450 sonicator and an equal volume of cold KCl-HEPES relaxation buffer (100 mM KCl, 50 mM HEPES, 5 mM NaCl, 1 mM MgCl 2 , 0.5 mM EGTA, 2.5 g/ml aprotinin, 2.5 g/ml leupeptin, 2.5 mM PMSF, 1 mM DFP (pH 7.2)) was added. Samples were then centrifuged for 7 min at 700 ϫ g for 4°C and 900 l of supernatants were applied on top of a two-step Percoll gradient composed of 1.4 ml of a 1.12-g/ml solution layered beneath 1.4 ml of a 1.05-g/ml solution, as previously described (29) . The Percoll gradients were centrifuged for 30 min at 37,000 ϫ g, 4°C in a fixed-angle rotor (Beckman TLA 100.4). The plasma membranes were found on the top of gradients under the clear cytosol fraction. An aliquot of the cytosolic fractions was collected and boiled for 7 min in 2X Laemmli sample buffer (1X is 62.5 mM Tris-HCl (pH 6.8), 4% SDS, 5% 2-ME, 8.5% glycerol, 2.5 mM orthovanadate, 10 mM p-nitrophenyl phosphate, 12.5 g/ml leupeptin, 12.5 g/ml aprotinin, 0.00125% bromophenol blue). The plasma membranes (400 l) were collected and centrifuged at 100,000 ϫ g, 4°C for 45 min to remove Percoll. Plasma membranes (30 l) were collected from a visible disc above the Percoll pellet and resuspended in 20 l of KCl-HEPES relaxation buffer and 50 l of 2X Laemmli sample buffer.
Kinase activity of the cytosolic PKC
The assessment of the kinase activity of the cytosolic PKC was performed using a commercially available protein kinase assay kit (catalog no. 539484) from Calbiochem according to the manufacturer's instructions. All samples were measured in triplicate.
Immunoprecipitations
MSU crystal stimulations were stopped by transfer to an ice bath followed by a 10-s spin in a microcentrifuge. The pellets were resuspended in the same volume of cold lysis buffer (10 mM Tris-HCl, 140 mM NaCl, 1 mM EDTA, 0.6% CHAPS, 10 g/ml aprotinin, 10 g/ml leupeptin, 2 mM sodium orthovanadate, 250 g/ml soybean trypsin inhibitor, 3 mM DFP, 1 mM PMSF). After 5 min on ice, the cell lysates were centrifuged at 16,000 ϫ g for 5 min at 4°C. The supernatants were incubated at 4°C for 3 h in the presence of protein A-Sepharose beads linked to an anti-Syk (4 g/50 l beads) or an anti-PI3K (p85, 1 g/50 l beads) Ab. The beads were then washed three times with cold lysis buffer. A total of 50 l of 2X Laemmli sample buffer was added to the beads, which were then boiled for 7 min.
Degranulation
Neutrophils were processed and stimulated with MSU crystals as describe. The stimulations were stopped by a quick spin (15 s, 6000 ϫ g), and the supernatants were harvested, filtered on 0.22-m nylon syringe filters, and kept on ice. The extent of lysozyme release was assessed by adding 100 l of supernatant to 900 l of a 0.25-mg/ml Micrococcus lysodeikticus solution prepared in a 0.1 M PO 4 buffer. The loss of absorbance was then read at 450 nm for a period of 2 min. To obtain a percentage value for MSU crystal-induced degranulation, the absorbance values were compared, and the maximal loss of absorbance was obtained by lysing the cells with 0.1% Triton X-100.
Human albumin levels in MSU crystal-stimulated neutrophil supernatants were determined by capture ELISA (Bethyl Laboratories), according to the manufacturer's recommendations. The amount of total albumin released was obtained by lysing the cells with 0.1% Triton X-100. All samples were measured in triplicate, and the results are expressed as the mean Ϯ SEM percentage of total albumin released in at least five experiments.
Densitometry analysis
Densitometry analysis was performed using ImageJ Software on the scanned immunoblotting results. The measurements of pixel intensity of each blot lane were plotted using GraphPad Prism 4 software.
Statistical analysis
Statistical analyses were performed using the Student paired t test (twotailed) with GraphPad Prism4 Software on the nonprocessed data. Every inhibitory condition was compared with the control condition and significance was considered to be attained at a value of p Ͻ 0.05.
Results
Src kinase-dependent activation of classical PKC isoforms by MSU crystals in human neutrophils
The translocation of PKC at the plasma membrane of stimulated cells is a widely used index of activation status (31) . We therefore investigated the effect of MSU crystal stimulation on the translocation of PKC at the plasma membrane of human neutrophils. The cells were stimulated with MSU crystals for the indicated time periods, and plasma membranes were purified as described in Materials and Methods. Data shown in Fig. 1A indicate that the stimulation of human neutrophils by MSU crystals induces a timedependent reversible translocation of PKC␣ and PKC␤ (the Ab used in this experiment to probe the purified plasma membranes is raised against the ␣, ␤I, and ␤II isoforms of conventional PKC). Flotillin-1, a marker of detergent-resistant membrane domains within the plasma membranes (32), was used as loading control.
We next examined whether the MSU crystal-induced translocation of PKC modulated the kinase activity. Rapid and transient decrease in PKC activity in the cytosol has been described in various cellular systems as associated with a transient increase in PKC activity in the membrane fraction (e.g., (33) ). Neutrophils were stimulated with MSU crystals for 15 s or with a direct activator of PKC, PMA for 5 min as a positive control of the kinase assay. The cytosolic fractions of cells were isolated as described in Materials and Methods. The kinase activity of cytosolic PKC was assessed according to the manufacturer's recommendations. The results shown in Fig. 1B indicate that the stimulation of human neutrophils by MSU crystals significantly decreases the kinase activity of cytosolic PKC, which is correlated with an increase in the amount of membrane-associated PKC (Fig. 1A) . As expected, PMA greatly decreased the kinase activity of cytosolic PKC in accord with the already described irreversible translocation of PKC induced by this stimulus (34) .
When activated, classical PKC isozymes phosphorylate substrates containing serine or threonine, with arginine or lysine at the Ϫ3, Ϫ2, and ϩ2 positions, and hydrophobic amino acids at position ϩ1 (35, 36) . We thus monitored the MSU crystal-dependent modulation of the kinase activity of PKC by assessing the serine phosphorylation of substrates using an Ab raised specifically against these phosphorylation events. Human neutrophils were stimulated with MSU crystals for the indicated time periods, and whole cell lysates were probed with an anti-phosphoserine PKC substrate Ab. As shown in Fig. 1C , MSU crystals induce an increase in the serine phosphorylation of the PKC substrates in human neutrophils further supporting the conclusion that, in these cells, PKC is activated upon the addition of MSU crystals. Moreover, this activation seems to be modulated by Src kinases because the pretreatment of neutrophils with PP2, an inhibitor of Src family kinases (37) , completely abrogated the MSU crystal-induced serine phosphorylation of substrates of PKC (Fig. 1C) . In further support of the observation that Src kinases modulate the activity of PKC, we observed that the MSU crystal-induced phosphorylation of PKC␣ and PKC␤II at Thr 638 and Thr 641 (sites of autophosphorylation necessary to the catalytic activity of PKC (38)), respectively, is also diminished by PP2 (Fig. 1D) .
The degranulation of human neutrophils induced by MSU crystals is mediated by conventional PKC
In inflammatory diseases such as rheumatoid arthritis and gout, the neutrophil is thought to be largely responsible for the tissue damage caused, among others, by the excessive release of the cytolytic enzymes of its granules into the synovial fluid. We have recently shown that MSU crystals induce a significant degranulation of human neutrophils (39) . We next monitored the potential effect of the pharmacological inhibitor of classical PKC, Gö 6976 (40), on the degranulation of the four types of neutrophil granules induced by MSU crystals. Lysozyme was used as a marker of primary, secondary, and tertiary granules (41) and albumin of secretory vesicles (42) . The cells were preincubated for 30 min at 37°C with 1 M Gö 6976 or with its vehicle Me 2 SO and were stimulated with MSU crystals. Supernatants were collected after 15 min of incubation with MSU crystals (a time previously determined to be optimal for the degranulation responses of neutrophils (39)) and their lysozyme or albumin content was assessed as described in Materials and Methods. As shown in Fig. 2 , Gö 6976 significantly diminished the MSU crystal-induced secretion of both lysozyme ( Fig. 2A) and albumin (Fig. 2B) suggesting a role for classical PKC in the modulation of signaling pathways leading to degranulation of human neutrophils. Another conventional PKC inhibitor, Gö 6983 (1 M), had the same inhibitory effect (data not shown) thus comforting these pharmacological data. It should also be noted that Gö 6976 (1 M), Gö 6983 (1 M), and GFX (3 M, another pharmacological inhibitor of PKC), inhibited cytosolic PKC activity by 66%, 71%, and 87%, respectively (data not shown), thus validating these inhibitors.
It is relevant to note that the ability of PKC inhibitors to decrease the degranulation of human neutrophils induced by MSU crystals provides strong evidence that this secretory response is not a result of the physical lysis of the cells by these particulate agonists. To further confirm that the release of lysozyme or albumin was not a result of the MSU crystal-induced cellular lysis, neutrophils were stimulated with MSU crystals and the presence of lactate dehydrogenase, a cytosolic marker (43) , was evaluated in the supernatant by immunoblotting using an anti-lactate dehydrogenase Ab. After 15 min of MSU crystal stimulation, we observed less than 2.5% of the total lactate dehydrogenase in the supernatant of neutrophils (data not shown). The viability of MSU crystalstimulated human neutrophils was also confirmed by flow cytometry. This finding indicates that MSU crystals induced a minimal loss of cellular viability under our experimental conditions, which cannot account for the level of degranulation monitored in this experiment.
The MSU crystal-induced secretion of a chemotactic activity from human neutrophils is dependent on classical PKC
We have recently reported that MSU crystal-stimulated neutrophils rapidly liberate a potent activation signal for naive cells (11) . The secretion of this factor, which is chemotactic, induces a mobilization of intracellular calcium, and increases the level of global tyrosine phosphorylation in freshly isolated neutrophils, was shown to be dependent on the tyrosine kinase Tec (44) . We next examined the effect of the pharmacological inhibition (using Gö6976) or the molecular inhibition (using specific siRNAs) of conventional PKC on the generation of chemotactic activity in supernatants from MSU crystalstimulated neutrophils. Neutrophils were preincubated for 30 min at 37°C with 1 M Gö6976 or with its vehicle Me 2 SO and were stimulated with MSU crystals. Supernatants were collected after 15 min of incubation with MSU crystals and their chemotactic activity toward freshly isolated human neutrophils was assessed as described in Materials and Methods. Gö6976 completely inhibited the generation of the chemotactic activity in supernatants from MSU crystal-stimulated human neutrophils (Fig. 3A) . Gö6983 had the same inhibitory effect (data not shown). The addition of Gö6976 to an active supernatant from MSU crystal-stimulated neutrophils did not have any inhibitory effect on its chemotactic activity thus validating the conclusion that the decreased chemotactic activity is due to the inhibition of the secretion of the active component and not of its ability to stimulate naive cells. To confirm the specificity of these results, we next silenced the expression of a conventional PKC isoform, PKC␣, by specific siRNA transfections in dibutyryl cAMP-differentiated, neutrophillike PLB-985 (dPLB-985) cells (25) . This human myeloid cell line was chosen as we have reproduced in these cells the tyrosine phosphorylation patterns and the transduction events that we have previously observed in human neutrophils and, furthermore, we also observed the appearance of phosphoserine PKC substrates with the same kinetics in dPLB-985 as in MSU crystal-stimulated human neutrophils (data not shown). Following nucleofection with specific siRNAs, the level of expression of PKC␣ was significantly decreased as shown in Fig. 3B . The expression of another conventional PKC isoform, PKC␤, was unaffected by the PKC␣-specific siRNA. The levels of expression of c-Cbl were used as loading controls and the lack of effect of the PKC␣-specific siRNA on its levels document the specificity of the manipulation. We then monitored the effect of the PKC␣-specific siRNA on the production of the chemotactic activity in supernatants from MSU crystal-stimulated dPLB-985 cells. Supernatants were prepared as described and their chemotactic activity toward freshly isolated human neutrophils was assessed. Data summarized in Fig. 3B indicate that decreasing the level of expression of PKC␣ leads to a complete inhibition of the secretion of a chemotactic activity in the supernatants of the cells, suggesting that PKC␣ is the principal classical PKC isoform that plays a role in the MSU crystal-induced secretion of a chemotactic activity from neutrophil-like dPLB-985.
Conventional PKC mediates the increase in the pattern of tyrosine phosphorylation induced by MSU crystals
The stimulation of the tyrosine phosphorylation pathways is one of the most characteristic MSU crystal-induced signaling events in human neutrophils (45) . This is reflected in a robust pattern of tyrosine phosphorylation associated with the stimulation of the activity of several tyrosine kinases including Lyn (46), Syk (47) , and Tec (44), which then modulate downstream signaling events and proinflammatory responses such as the degranulation or the secretion of a chemotactic activity described. Results from our laboratory suggested, on the basis of the characteristics of the observed patterns of tyrosine phosphorylation and of their sensitivity to microtubule-disrupting alkaloids, that this response was specific to MSU crystals and relevant to their phlogistic properties (45) .
Previous studies of our laboratory indicated a potential involvement of PKC in the modulation of tyrosine phosphorylation pathways in human neutrophils because PMA increased the global pattern of tyrosine phosphorylation in these cells (48) . We next investigated the effect of Gö6976, on the MSU crystal-induced pattern of tyrosine phosphorylation in human neutrophils. As shown in Fig. 4 , 1 M Gö6976 diminished the tyrosine phosphorylation pattern in MSU crystal-stimulated neutrophils. Flotillin-1, a marker of detergent-resistant membranes (32) was used as loading control. Another classical PKC-specific inhibitor, Gö6983, had the same effect (data not shown) thus validating the PKC-dependent modulation of the MSU crystal-induced tyrosine phosphorylation in human neutrophils.
Syk is a substrate of PKC in human neutrophils stimulated by MSU crystals
Syk tyrosine kinase was previously described in our laboratory as playing a central role in neutrophil activation by MSU crystals. Piceatannol, a Syk-specific inhibitor, significantly diminished the MSU crystal-induced mobilization of intracellular calcium, the activation of phospholipase D, the production of superoxide anions FIGURE 3. The MSU crystal-induced secretion of a chemotactic activity from human neutrophils is dependent on classical PKC. A, Neutrophils (40 ϫ 10 6 cells/ml) were preincubated for 30 min with 1 M Gö6976 or with its vehicle, Me 2 SO, and were stimulated for 15 min with 3 mg/ml MSU crystals or with an equal volume of their solvent, HBSS. Supernatants were harvested and neutrophils chemotaxis was monitored as described in Materials and Methods. Results are the mean and SD of five independent experiments. B, PLB-985 cells were differentiated and transfected with a PKC␣-specific or a control siRNA (dPLB-985). The efficiency of the PKC␣-specific siRNA was analyzed by SDS-PAGE with anti-PKC, anti-PKC␤, and anti-c-Cbl (as loading control) Abs. Transfected dPLB-985 cells (40 ϫ 10 6 cells/ml) were stimulated with for 15 min 3 mg/ml MSU crystals or with an equal volume of their solvent, HBSS. Supernatants were harvested, and neutrophil chemotaxis was monitored as described in Materials and Methods. Results are the mean and SD of three independent experiments. and the morphological changes in neutrophils characteristic of crystal internalization (47) . Syk also mediates the activation of class Ia PI3Ks and regulates several MSU crystal-stimulated neutrophil functions such as degranulation (39) . The regulation of the tyrosine phosphorylation cascade initiated by MSU crystals by the serine/threonine kinases of the PKC family (Fig. 4) raises the possibility that Syk may be a substrate of PKC in neutrophils stimulated by MSU crystals. A direct interaction between PKC and Syk has previously been reported in human platelets stimulated by the snake venom alboaggregin A (49) .
As shown in Fig. 5A , the addition of MSU crystals to neutrophils leads to the time-dependent detection of serine phosphorylated Syk (Fig. 5A, left) . Because the phosphorylation was detected by probing Syk immunoprecipitates (see Materials and Methods) with the anti-phosphoserine PKC substrate Ab, this result provides evidence that Syk is a substrate for PKC in MSU crystal-stimulated human neutrophils. To further support this observation, we show that Gö6976 completely abolishes the serine phosphorylation of Syk (Fig. 5A, right) .
A corollary of the hypothesis that, in human neutrophils, Syk is under the control of PKC is that the direct activation of PKC should result in the serine phosphorylation of Syk. The tumor copromoters phorbol esters directly activate PKC, which shortcircuit the need for receptor occupation (13) . As shown in Fig.  5B , the phorbol ester PMA induces a PKC-dependent serine phosphorylation of Syk in human neutrophils. Furthermore, we also observed that the PMA-induced pattern of tyrosine phosphorylation is significantly inhibited by the Syk inhibitor piceatannol (data not shown) thus validating our conclusion that in MSU crystal-stimulated human neutrophil PKC mediate proinflammatory responses by regulating the phosphorylation status of the tyrosine kinase Syk. Apart from its unique morphological signature, the profile of tyrosine phosphorylation detected in MSU crystal-stimulated neutrophils differs from that of all other neutrophil stimuli tested, soluble or particulate, in that it is inhibited by colchicine and other microtubule disruptive molecules (50, 51) . Although the clinical efficacy of colchicine in treating gout has been known for centuries, its precise cellular mechanism of action is still conjectural. We thus next investigated its effect on the PKC-mediated serine phosphorylation of Syk. Neutrophils were preincubated with 10 M colchicine or the same volume of its solvent Me 2 SO before stimulation with MSU crystals for various periods of time and Syk was immunoprecipitated as described in Materials and Methods. As shown in Fig. 5C , colchicine greatly inhibited the MSU crystalinduced, PKC-dependent serine phosphorylation of Syk suggesting that the alkaloid may exert its anti-inflammatory effects by down-regulating the kinase activity of PKC. To further support this conclusion, we observed that the MSU crystal-induced pattern of serine phosphorylation of PKC substrates is also diminished by colchicine (data not shown).
The tyrosine phosphorylation of Syk is regulated by conventional PKC
We have previously provided evidence that MSU crystals induce the tyrosine phosphorylation of Syk (47) and because we showed that Syk is a substrate of PKC (Fig. 5A) , we next investigated the effect of the pharmacological inhibition of conventional PKC (using Gö 6976) on the tyrosine phosphorylation of Syk in MSU crystal-stimulated human neutrophils. Neutrophils were preincubated with Gö 6976 or with its vehicle, Me 2 SO, and then stimulated with MSU crystals. Syk was immunoprecipitated as described in Materials and Methods and probed with anti-phosphotyrosine or anti-Syk Abs. As shown in Fig. 6A , the addition of MSU crystals to human neutrophils enhanced the level of tyrosine phosphorylation of Syk, an effect that is inhibited in cells pretreated with Gö 6976. We also observed that PMA induces a time-dependent transient tyrosine phosphorylation of Syk (Fig. 6B) , suggesting that the PKCdependent serine phosphorylation of Syk is necessary for its tyrosine phosphorylation.
To confirm the specificity of the effects of this pharmacological inhibition of classical PKC, we next examined the effect of the PKC␣-specific siRNA on the MSU crystal-induced tyrosine phosphorylation of Syk. The dPLB-985 cells transfected with a PKC␣-specific siRNA or with a control siRNA were stimulated with MSU crystals for 5 min and Syk was immunoprecipitated as described in Materials and Methods. The samples were then probed with anti-phosphotyrosine and anti-Syk Abs. Fig. 6C shows confirmation of the involvement of PKC in the modulation of the tyrosine phosphorylation of Syk because the decreased level of PKC␣ expression correlates with a significant FIGURE 6. The MSU crystal-induced tyrosine phosphorylation of Syk is modulated by conventional PKC. A, Neutrophils (40 ϫ 10 6 cells/ ml) were preincubated for 30 min with 1 M Gö6976 or with its vehicle Me 2 SO and stimulated with 3 mg/ml MSU crystals for the indicated time periods. Anti-Syk immunoprecipitations were performed as described in Materials and Methods and probed with anti-phosphotyrosine (pY) and anti-Syk Abs. B, Neutrophils (40 ϫ 10 6 cells/ml) were stimulated with 50 nM PMA for the indicated time periods. Anti-Syk immunoprecipitations were performed as described and probed with an anti-phosphotyrosine (pY) and an anti-Syk Abs. C, The dPLB-985 cells transfected with a PKC␣-specific or a control siRNA were stimulated for 5 min with 3 mg/ml MSU crystals or with an equal volume of their solvent, HBSS. AntiSyk immunoprecipitations were performed as described and analyzed by SDS-PAGE with anti-phosphotyrosine (pY) and anti-Syk Abs. Results are representative of at least three independent experiments. inhibition of the MSU crystal-induced tyrosine phosphorylation of Syk. It is noteworthy that the levels of expression of Syk were not affected by the silencing of PKC␣ (data not shown). Moreover, these results also provide evidence for a major role played by the PKC␣ isoform in signaling pathways leading to the tyrosine phosphorylation of Syk.
The Syk-dependent activation of PI3Ks by MSU crystals depends on conventional PKC
A recent study from our laboratory showed that Syk mediated the MSU crystal-induced activation of class Ia PI3Ks by directly interacting with their regulatory subunit, p85 (39) . This interaction was necessary to the subsequent serine/threonine phosphorylation of AKT, a major target of PI3Ks.
We therefore examined the effect of the pharmacological inhibition of classical PKC (using Gö 6976) on the MSU crystalinduced interaction between Syk and p85 (39) . Neutrophils were preincubated with Gö 6976 or with its vehicle, Me 2 SO and then stimulated with MSU crystals for the indicated periods of time. The p85 subunit was immunoprecipitated as described and probed with anti-p85 or anti-Syk Abs. As shown in Fig. 7A , the coimmunoprecipitation between p85 and Syk induced by MSU crystals (Fig. 7A, left) is almost completely inhibited by Gö 6976 (Fig. 7A, right) , suggesting that the PKC-dependent serine phosphorylation of Syk may regulate molecular interactions necessary to the pursuit of the MSU crystal-induced signaling pathways. To further support this conclusion we next investigated the effect of Gö 6976 on the MSU crystal-induced serine/threonine phosphorylation of AKT in human neutrophils. Cells were preincubated with Gö 6976 or its vehicle Me 2 SO and then stimulated with MSU crystals. Whole cell lysates were probed with an anti-phospho-Thr 308 AKT or with an anti-AKT Ab as loading control. As shown in Fig. 7B , Gö 6976 completely abolished the threonine phosphorylation of AKT in MSU crystal-stimulated human neutrophils, confirming the role of PKC in the MSU crystal-induced, Syk-dependent activation of PI3Ks. The MSU crystal-induced serine phosphorylation of AKT was also inhibited by Gö 6976 (data not shown).
Consistent with the experimental results described indicating that the stimulation of PKC lies upstream of that of Syk, the phorbol ester PMA induced a time-dependent threonine phosphorylation of AKT in human neutrophils (Fig. 7C) . Moreover, we also observed that the threonine phosphorylation of AKT induced by PMA was significantly inhibited by the Syk-specific inhibitor piceatannol (Fig. 7C) . Piceatannol also inhibited the PMA-induced serine phosphorylation of AKT (data not shown). These data indicate that direct activation of PKC (using the phorbol ester PMA) leads to a Syk-dependent activation of PI3Ks thus confirming the results obtained upon MSU crystal stimulation of human neutrophils. 
Discussion
The present study examined the involvement of classical PKC in the mediation of the responses of human neutrophils to MSU crystals, the etiological agent of gout and also an endogenous danger signal released from dying cells. The involvement of PKC in the mechanisms underlying neutrophil stimulation by a variety of agonists (although not by MSU crystals) had been suggested by numerous studies based on pharmacological and biochemical approaches. PKC activators such as PMA, mezerein, bryostatin, and synthetic diacylglycerols potently stimulate the production of toxic oxygen metabolites and exocytosis, effects that can be prevented by PKC inhibitors (52) (53) (54) . Despite the central role described for PKC in signal transduction, very little, if anything, is known about their participation in signaling pathways activated by MSU crystals in human neutrophils.
In this study, we provide evidence that MSU crystals activate conventional PKC in a colchicine-and Src kinase-dependent manner. Our data also suggest that PKC modulate the MSU crystalinduced tyrosine phosphorylation pattern by regulating the serine phosphorylation of the tyrosine kinase Syk. Evidence is also presented indicating that the PKC-mediated serine phosphorylation of Syk is necessary for its tyrosine phosphorylation, for its interaction with the regulatory subunit of PI3Ks as well as for the subsequent activation of PI3Ks. We also show that the activation of PKC plays a central role in MSU crystal-induced stimulation of neutrophil functions such as degranulation and secretion of a chemotactic activity. These responses are likely to play significant roles in the initiation and perpetuation of acute gouty arthritis and its associated joint and bone destruction.
The major characteristics of gout include rapid onset, self-limitation, and phagocytosis of the MSU crystals by neutrophils within the synovial cavity, resulting in the release of inflammatory mediators such as leukotriene B 4 , platelet-activating factor, PGE 2 , IL-8, lysosomal proteases, superoxide and a still-unidentified chemotactic factor (11, 12, 55, 56) .
Gout has become more common and more clinically complex in recent years, particularly in older subjects (57) . Moreover, all of the drugs used to treat gout can have serious side effects (58) . In addition, evidence was recently provided that men with gout have an increased risk of death as the result of an elevated risk of cardiovascular diseases, particularly coronary heart diseases (59) . The understanding of the molecular mechanisms involved in generating the pathological effect of MSU crystals is thus essential to the ongoing search for more effective therapies for gouty arthritis.
The translocation of PKC at the plasma membrane of stimulated cells is a widely used index of their activation status (31) . We show in this study that MSU crystals induce the rapid translocation of classical PKC. We also show that the kinase activity of the cytosolic PKC is decreased in MSU crystal-stimulated neutrophils. Furthermore, enhanced levels of phosphorylated PKC substrates were also detected in human neutrophils stimulated by MSU crystals and this was correlated with the MSU crystal-induced threonine phosphorylation of classical PKC. Taken together, these results strongly suggest that MSU crystals activate conventional PKC in human neutrophils, which is in accord with our previous data indicating that the addition of MSU crystal-stimulated a mobilization of calcium (a cofactor for classical PKC) in human neutrophils (7) . Furthermore, we show that the activation of PKC is dependent on Src tyrosine kinases because PP2, an inhibitor of these kinases, significantly diminishes the threonine phosphorylation of PKC as well as the subsequent pattern of serine phosphorylation of PKC substrates. Further studies are required to precisely identify the principal PKC isoform involved in the signaling pathways activated by MSU crystals in human neutrophils, although our data support the hypothesis that PKC␣ plays a major role in these responses.
Neutrophil degranulation induced by MSU crystals (39) is likely to be involved in the joint and tissue damage, which occurs in gouty patients (60) . We show in this study that PKC play an important role in the MSU crystal-induced degranulation of neutrophils because Gö6976 significantly diminishes the amounts of lysozyme and albumin (markers of the azurophil, specific, gelatinase and secretory granules, respectively) released into the extracellular milieu.
The rapid liberation of a chemotactic factor by MSU crystalstimulated neutrophils might serve to modulate the neutrophil recruitment and responses during the initial stages of inflammation, and it may also play a role in the amplification of the inflammatory reaction that accompanies the gouty arthritis (11, 44) . We show that both the pharmacologic inhibition of PKC and the decreased expression of PKC␣ (which does not affect the expression of PKC␤) drastically inhibited the secretion of a chemotactic activity in supernatants of MSU crystal-stimulated neutrophils, which suggests a critical role of PKC␣ in the release of this factor that may be involved in the overactivation of human neutrophils in gouty inflammation.
The robust pattern of tyrosine phosphorylation induced by MSU crystals in human neutrophils correlates with the phlogistic properties of this particulate stimulus (45) . We show that the pharmacological inhibition of conventional PKC is associated with a decrease in the MSU crystal-induced pattern of tyrosine phosphorylation. A potential involvement of PKC in the modulation of tyrosine phosphorylation pathways in human neutrophils had already been suggested by the observation that PMA (a tumor copromoter phorbol ester that directly activates PKC, short-circuiting the need for receptor occupation) induced an increase in the global pattern of tyrosine phosphorylation in these cells (48) , an observation the basis of which had remained unexplored.
Previous studies in our laboratory designated the tyrosine kinase Syk as playing a central role in the mediation of the responses of human neutrophils to MSU crystals (39, 47) . We show that Syk is a substrate of conventional PKC and that Syk is serine phosphorylated upon MSU crystal stimulation of human neutrophils. Colchicine is an effective treatment that has traditionally been used for the amelioration of clinical symptoms in patients experiencing acute attacks of gout (61) . We have previously reported that the alkaloid decreased, among others, the stimulation of the tyrosine phosphorylation pattern (45) , the secretion of IL-1␤ (8) and the tyrosine phosphorylation of Tec kinase (44) induced by MSU crystals in human neutrophils. The clinical specificity and efficacy of colchicine in the treatment of gout has prompted us to investigate its effect on the activation of PKC induced by MSU crystals in human neutrophils. We report here that the PKC-mediated serine phosphorylation of Syk and the global serine phosphorylation of PKC substrates are diminished by this microtubules disrupting agent. The ability of colchicine to inhibit the MSU crystal-induced activation of PKC reinforces the link between the kinase activity of PKC and the proinflammatory effect of MSU crystals.
The PKC-mediated serine phosphorylation of the catalytic subunit of Syk has been previously shown to increase its in vitro kinase activity (62) , although this activity has not been confirmed in recent studies with human platelets (49) . We show that the PKCmediated serine phosphorylation of Syk is necessary for its MSU crystal-induced tyrosine phosphorylation because both Gö6976 and silencing PKC␣ diminish it. There are several sites of tyrosine phosphorylation within Syk playing different roles in modulating its catalytic activity, molecular interactions or intracellular localization (reviewed in Ref. 63) . Ongoing studies of our laboratory are presently investigating the precise mechanisms of regulation of the tyrosine kinase Syk in the context of the gouty inflammation.
We recently showed that one of the main features of the MSU crystal-induced signaling pathway was the interaction between Syk and the regulatory subunit of class Ia PI3Ks p85 (39) , which was necessary for the subsequent activation of these lipid kinases as well as for proinflammatory responses of human neutrophils such as degranulation. We show that the pharmacological inhibition of conventional PKC leads to the disruption of the MSU crystal-induced interaction between Syk and p85 and to the abrogation of the subsequent activation of PI3Ks measured by the phosphorylation of AKT. These results led us to hypothesize that the MSU crystal-induced PKC-mediated serine phosphorylation of Syk is mostly necessary to the molecular interaction of Syk with its partners or to its intracellular localization. Further studies are clearly needed to confirm this hypothesis the analysis of which exceeds the aims of this study.
We used the stimulation by the phorbol ester PMA, which directly activates PKC bypassing the need for the endogenous production of diacylglycerol (13) , as a model for confirming the results obtained with MSU crystals. As expected, PMA induced the serine and the tyrosine phosphorylation of Syk. Furthermore the PMA-induced pattern of tyrosine phosphorylation as well as the activation of PI3Ks (measured by the phosphorylation of AKT) were inhibited by piceatannol, validating the conclusion that, in human neutrophils, PKC activates proinflammatory signaling pathways via the tyrosine kinase Syk.
In conclusion, this study to our knowledge is the first to report the colchicine-sensitive activation of classical PKC by MSU crystals in human neutrophils. Our results point to a PKC-dependent modulation of the activation of the Syk-PI3K axis, which we have previously shown to be critical for the responses of neutrophils to MSU crystals (39) . Moreover, the data presented in this study also document the functional role played by conventional PKC in human neutrophil responses such as degranulation and secretion of a chemotactic activity that are likely to be involved in the amplification and prolongation of the gouty inflammation. These observations suggest novel means of modulating neutrophil responses (through the specific regulation of classical PKC) during the acute phase of MSU crystal-induced inflammation and possibly also in other inflammatory conditions.
